We present numerical studies of one-and two-photon excited states ordering in a number of polycyclic aromatic hydrocarbon molecules: coronene, hexa-peri-hexabenzocoronene and circumcoronene, all possessing D 6h point group symmetry versus ovalene with D 2h symmetry, within the Pariser-Parr-Pople model of interacting π-electrons. The calculated energies of the two-photon states as well as their relative two-photon absorption cross-sections within the interacting model are qualitatively different from single-particle descriptions. More remarkably, a peculiar role of molecular geometry is found. The consequence of electron correlations is far stronger for ovalene, where the lowest spin-singlet two-photon state is a quantum superposition of pairs of lowest spin triplet states, as in the linear polyenes. The same is not true for D 6h group hydrocarbons. Our work indicates significant covalent character, in valence bond language, of the ground state, the lowest spin triplet state and a few of the lowest two-photon states in D 2h ovalene but not in those with D 6h symmetry.
I. INTRODUCTION AND BACKGROUND
The role of electron correlations on the photophysics of π-conjugated systems has been of continuing interest. Existing research has largely focused on the effect of electron correlations on one-photon allowed optical states. These states can be described nearly quantitatively upon including the configuration interaction (CI) between many-electron configurations that are singly excited from the mean-field ground state. We will refer to these configurations as one electron-one hole (1e-1h) excitations hereafter. Such single CI (hereafter SCI) studies [1] and equivalent approaches (time-dependent density functional theory, Bethe-Salpeter equation) have been widely employed to understand one-photon excitations. The dominant effect of the SCI in finite molecules is to remove the degeneracies between 1e-1h excitations that are obtained within the one-electron or mean-field theories [1] . The effect on extended systems is similar, with electron-hole interactions leading to exciton states separated from a continuum band [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . There exists a wide body of experimental literature that supports these theoretical concepts in π-conjugated systems, including in extended carbon nanostructures [14] [15] [16] .
In systems with inversion symmetry spin-singlet excited states accessible by one-and two-photon excitations from the singlet ground state are distinct. The consequences of electron correlations on the one-photon forbidden but two-photon allowed states in correlatedelectron systems are often more intricate. Two-photon states, even at the lowest energies, can have significant contributions from two electron-two hole (2e-2h) excitations, which have CI with both the correlated ground state and up to four electron-four hole (4e-4h) excitations, as was shown [17] within the Pariser-Parr-Pople (PPP) π-electron Hamiltonian [18, 19] . The higher order CI can lower the energy of the two-photon states significantly relative to the one-photon states. Thus at the mean-field or SCI levels of approximation, the lowest excited state in linear polyenes is the odd-parity optical 1 1 B + u state, with the lowest even parity 2 1 A − g state occurring above it (the superscript 1 indicates singlet spin state and the "plus" and "minus" superscripts refer to chargeconjugation symmetry, hereafter CCS). This is the "normal" excited state ordering. Because of the higher order CI, however, in long polyenes [20, 21] as well as in the polydiacetylenes [22] , the two-photon 2 1 A − g occurs below the 1 1 B + u . We will refer to this latter ordering as "reversed" excited state ordering. The energy of the lowest two-photon states, relative to that of the lowest one-photon optical state, as well as the extent of 2e-2h character of the lowest two-photon states, are then semiquantitative "measures" of electron correlation effects.
Reversed excited state ordering is best understood within valence bond (VB) concepts, within which the ground state as well as the lowest spin-singlet even parity two-photon states are predominantly covalent [20, [23] [24] [25] [26] . The dipole selection rule limits optical excitations from the even parity covalent ground state to odd parity ionic states, which are necessarily higher in energy than covalent states. Within VB theory it is also possible to explain naturally the quantum-entangled two-triplet character of the 2 1 A − g in polyenes, whose energy is almost exactly twice the energy of the lowest spin triplet 1 3 B u (we suppress the charge-conjugation symmetries for triplets as we do not calculate triplet absorption spectra in this work). Actually, in long polyenes, several of the low-lying 1 A − g states are quantum superpositions of low-lying triplets, which are themselves also covalent within the VB language [17] . Indeed, within the Hubbard model description of linear chains with very large onsite Coulomb interactions, the lowest spin-triplet and singlets are both spin excitations, while the optical state is necessarily a charge-excitation [27] . The extent to which higher energy two-photon states are of "two-triplet" character, and the separation between them in energy space, are therefore additional measures of electron correlation effects: the smaller the separation between spin singlet states with two-triplet character, the stronger is the electron correlation effect.
Although the original understanding of reversed excited state ordering came from PPP-model calculations, over the years there have been steady efforts to develop more sophisticated correlated ab initio approaches to reversed excited state ordering in polyenes. Quantum chemical approaches that reproduce the PPP results for polyenes include the complete active space second order perturbation theory (CASPT2) and third-order coupled cluster theory [28, 29] , and the extended algebraic diagrammatic construction (ADC(2)-x) method [30] [31] [32] . Other methods that have been applied are density functional theory-based multiple reference configuration interaction (DFT-MRCI) [33] , and the OM2-MRCI [34] . All of these approaches have confirmed the 2e-2h character of the lowest two-photon states in the polyenes, and except for the absence of CCS symmetry within the ab initio theories, no significant difference has been found between the results obtained by methods which incorporate a high degree of correlations [34] . On the other hand, because of the dominant double-excitation character of the two-photon states, the number of manyelectron configurations that need to be retained in the calculations increases rapidly with system size, and calculations of polyenes within the ab initio approaches are limited to relatively small system sizes (between 8 to 12 carbon atoms usually). The rapid increase in the number of multiply excited configurations with system size has precluded high order CI studies for large molecules starting from ab initio approaches. Accurate studies of two-photon states and excited state ordering in large π-conjugated systems have therefore been done mostly within the semiempirical PPP π-electrononly model Hamiltonian. Density matrix renormalization group (DMRG) calculations have been performed for long chain systems [35] [36] [37] + u in the long chain limit of polydiacetylenes, that were at nearly twice the energies of the lowest triplets. The results for the twophoton states in the long chain limit here are in excellent agreement with experiments [22] . Normal, as opposed to reversed excited state ordering occurs in π-conjugated polymers with large unit cells containing phenyl groups is found within PPP calculations, and the mechanism of this is also well understood [38, 39] . The optical 1 1 B
+ u state has contributions from Frenkel intraunit 1e-1h excitations as well as interunit charge-transfer excitations, with the charge-transfer contribution dominating in linear polyenes [39] . The 2 1 A − g is reached from the 1 1 B + u , by a second interunit charge-transfer in the reverse direction [39] . As the charge-transfer contribution to the 1 1 B + u decreases and the Frenkel contribution increases, the relative energy of the 2 1 A − g is enhanced and normal excited state ordering is recovered [38, 39] . The study of excited state ordering in the low energy region of 1D carbon-based systems can be taken to be complete.
In contrast to the 1D systems, theoretical and experimental studies of two-photon states and excited state ordering in two-dimensional (2D) polycyclic aromatic hydrocarbons (PAHs) are in their early stages. We have very recently presented joint theory-experiment results of investigations for a few select PAH molecules [40] . The molecules investigated theoretically in all cases had D 6h point group symmetry. The reason for choosing this particular set was because the two molecules investigated experimentally, coronene (C 24 H 12 ), which is commercially available, and hexa-peri-hexabenzocoronene (C 42 H 18 , hereafter HBC), which was synthesized by our experimental colleagues, both had D 6h symmetry. Correlation effects in these D 6h PAH molecules were shown to be significant, and reversed excited state ordering was demonstrated experimentally and theoretically in both coronene and HBC. As per our measures discussed above, correlation effects in PAHs are stronger than in the π-conjugated polymers with phenyl groups, in spite of the larger one-electron bandwidths of the former. At the same time, they are weaker in PAHs than in linear polyenes, since in PAHs the lowest two-photon states were found from our calculations to be predominantly (though not entirely) 1e-1h in character, in contrast to the 2 1 A − g in the polyenes, in which the 2e-2h contributions dominate over the 1e-1h contributions [40] . The weaker correlation effect in PAHs, relative to polyenes, is expected because of the larger one-electron bandwidth of PAHs in which each carbon (C) atom has three as opposed to two neighboring C-atoms.
We have subsequently performed high order CI calculations of higher energy one-versus two-photon singlet excited states, and spin triplet states of these D 6h PAH molecules to get a more complete picture. We have also implemented the same calculations for a different PAH molecule possessing D 2h point group symmetry, ovalene (C 32 H 18 ), for comparison (see Fig. 1 ). In addition to calculating energies we have also performed detailed wavefunction analyses. Our computational results lead to a surprising conclusion, viz., as measured against our criteria above, the extent of electron correlation effects in PAHs is geometry-dependent! Correlation effects are considerably stronger in D 2h ovalene than in the D 6h PAH molecules with comparable or even slightly larger sizes. A "hierarchy" of correlation effects (polyenes > D 2h PAHs > D 6h PAHs) thus emerges, which has no obvious explanation. We emphasize that the effect we demonstrate in this work is separate from that of the edges which drives the difference between graphene nanoribbons with zigzag versus armchair edges [41] , as two of the three D 6h PAH molecules we study, as well as ovalene with D 2h symmetry, have zigzag edges. Difference is also known to exist between finite triangular versus hexagonal graphene fragments with zigzag edges [42, 43] . In the former there always occur degenerate one-electron levels at the chemical potential, as a consequence of which the ground state wavefunction of the neutral molecule is a superposition of degenerate configurations. In contrast, there occurs a gap in the one-electron levels of small hexagonal fragments, and the closed shell ground state wavefunction is nondegenerate. In the present case, the overall ground state wavefunction is nondegenerate in all cases, and the difference we find cannot be understood within one-electron theory.
II. THEORETICAL MODEL AND COMPUTATIONAL METHOD
The PPP Hamiltonian [18, 19] is written as,
whereĉ † iσ creates a π-electron of spin σ on carbon atom i,n iσ =ĉ † iσĉ iσ is the number of electrons of spin σ on atom i, andn i = σn iσ The one-electron hopping integral t is between nearest neighbor carbon atoms i and j, U is the Hubbard repulsion between two electrons occupying the same atomic p z orbital, and V ij is the long range intersite Coulomb interaction. Given the semiempirical nature of the PPP Hamiltonian, in the context of the present work, electron correlations effects are the ones which are not captured in the tight-binding theory and are included by performing configuration interaction calculations. For the correlated-electron calculations reported below we choose standard t = 2.4 eV [17, 24, 26] , and obtain V ij from the parameterization [44] , V ij = U/κ 1 + 0.6117R 2 ij , where R ij is the distance inÅ between carbon atoms i and j and κ is an effective dielectric constant. The restriction of electron hopping to nearest neighbors preserves alternancy symmetry. We further choose U = 8 eV and κ = 2. These parameters have given excellent fits previously to the singlet excited states and spectra of poly-paraphenylenevinylene [44] , polyacenes [45] , single-walled carbon nanotubes [46] , coronene and HBC (in the case of coronene, quantitative agreement was obtained also between the calculated and experimental energies of the lowest triplet [40] ).
The top panel of Fig. 1 presents the PAH molecules studied in this work and the point group symmetry they possess. Since the calculations of the lowest energy states have already been reported for these D 6h PAH molecules in Ref. 40 , explicit comparisons of theoretical one-and two-photon absorption spectra for ovalene are made only against coronene as the representative of PAH molecules with D 6h symmetry. However, more detailed comparisons of spin-triplet and higher energy two-photon states, and in particular, the wavefunctions of the latter, are made against all the D 6h PAH molecules of Fig. 1 . Our calculations were done with fixed C-C bond lengths of 1.4 A and all bond angles of 120
• . The actual bond lengths and angles may deviate from these mean values, but the deviations are small because of the aromatic nature of the molecules. In the case of coronene we have previously shown from explicit calculations that the consequences of the deviations from idealized geometry on the energies of the one-and two-photon states, and of the lowest triplet, are negligible [40] .
One Our calculations were done using the multiple reference singles and doubles configuration interaction (MRS-DCI) which is a powerful many-body approach for incorporating CI between the dominant excitations up to quadruples. CI calculations are done in the basis of excitations from the ground state, in which electrons fill up the lowest energy molecular orbitals (MOs), obtained as self-consistent restricted Hartree-Fock (HF) solutions of the PPP Hamiltonian in Eq. 1. The lower panel of Fig. 1 depicts a number of frontier MOs around the HF gap in coronene, HBC, circumcoronene and ovalene with their corresponding D 2h orbital symmetries. HOMO and LUMO stand for the highest occupied and lowest unoccupied MOs, respectively in the HF ground state. In the first three PAH molecules (Figs.1(a)-(c) ), D 6h symmetry results in two-fold degeneracy of the HOMO (LUMO) depicted as H1 and H2 (L1 and L2) and also some other lower (higher) frontier MOs while true D 2h symmetry gives non-degenerate frontier MOs as is seen in Fig. 1(d) for ovalene. The MRSDCI procedure is well known and has been described in detail in our earlier work [40] . Suffice it is to say that we obtain quantitative fits to the energies of the optical singlet state and the lowest spintriplet state for coronene within the PPP-MRSDCI calculations. In Table I we have given the dimensions of the final Hamiltonian matrices that were used to calculate energies and wavefunctions iteratively for the excited states of the PAH molecules within different symmetry subspaces.
Optical transitions between the ground and excited states are obtained from the matrix elements between these eigenstates of the transition dipole operatorμ = i r ini with r i the position vector associated with Catom i (we work in reduced units with the electronic charge e = 1). The frequency-dependent one-photon absorption coefficient α(ω) is given by,
where µ x,gn = G|μ x |n 1 B + 3u and µ y,gn = G|μ y |n 1 B
+ 2u
with |G the ground state, E n the energies of |n 1 B
and |n 1 B + 3u virtual one-photon states and δ the energy linewidth (set to 0.03 eV in our calculations). We also evaluate the two-photon transition moments [25] 
where λ, λ ′ = x, y, and
In the above |f 1 A − g and |f 1 B − 1g are the final two-photon states. The two-photon absorption cross-section, hereafter TPA, has multiple components, whose strengths are given by [47] , 
The final states in the 1111 and 2222 components of two-photon absorption are necessarily of 
III. RESULTS AND ANALYSES
Two-photon absorptions: Hückel model. In order to have a clear understanding of electron correlation effects on the photophysics of PAHs, it is useful to first determine the one-photon and two-photon absorptions within the noninteracting Hückel model (U = V ij = 0 limit of the PPP model in Eq. 1). We have calculated the onephoton absorption α(ω) and the two-photon absorptions TPA 1111 , TPA 2222 and TPA 1212 in both coronene and ovalene. Coronene has been studied previously in our earlier work [40] where its one-and two-photon excited states were both experimentally and theoretically determined and discussed in detail. Here we repeat the calculations and present the results for coronene as a representative of the D 6h group PAHs solely for the sake of comparison with ovalene possessing D 2h symmetry. The hopping integral t sets all energy scales within the Hückel model. One then has a choice of using realistic t = 2.4 eV, or a value that will fit the experimental ground state absorption energy (note that the ratio E(
, where E(· · ·) is the energy of the state · · ·, all other energy ratios, and the relative intensities of one and two-photon absorptions are all independent of t). Our calculations are for t = 3.8 eV, as this value of t reproduces the experimental energy of the allowed optical absorption in coronene (4.1 eV) [40] . We have used the same t also for ovalene, as the energy of the dominant one-photon state within the Hückel model in this case is the same as that obtained within the PPP model with realistic t = 2.4 eV (see below).
In Fig 2(a) we show the Hückel ground state absorption and the transition moments corresponding to TPA 1111 and TPA 1212 for coronene. The one-photon absorption is due to the four-fold degenerate transitions H1→ L1, L2 and H2→L1, L2 (see Fig. 1(a) ). The two-photon 1 A − g and 1 B
− 1g states are also degenerate within the Hückel limit. We have labeled these degenerate absorptions as simply 1-ph and 2-ph in the Figure, rather than giving the symmetry classifications of the final states. The twophoton states correspond to 1e-1h excitations whose energies are higher than the HOMO → LUMO excitations. The TPA 2222 is not shown separately, as the strength of this component is nearly the same as for TPA 1111 within the D 6h symmetry. There occur only two two-photon states below 7 eV, the upper energy limit for our absorption spectrum analysis. Importantly, the lowest twophoton state lies 1.75 eV higher in energy than the optical one-photon state.
Due to the lower D 2h symmetry in ovalene, lowest dipole-allowed one-photon excitations are nondegenerate and correspond to the transitions (i) H→L, (ii) H−1→L+1, and (iii) the degenerate pair H−1→L and H→L+1 (see Fig. 1(d) ). These transitions, along with the two-photon transition moments are shown in Fig. 2(b) . The 1111 and 1212 components are no longer degenerate and the 2222 component, while still degenerate with the 1111 component, has much higher intensity now. The lowest two-photon state in Fig. 2(b) again lies significantly above the lowest one-photon state, by 1.65 eV. It is also higher in energy than the dominant onephoton state at 3.56 eV by 0.62 eV. Two-photon absorptions:
PPP-MRSDCI results. Fig. 2(c) shows the one-and two-photon absorptions for coronene, calculated within the PPP-MRSDCI approach, with realistic t = 2.4 eV. Electron correlations remove the four-fold degeneracies of the one-photon excitations, and the correlated eigenstates are superpositions of the nointeracting excitations. The two superpositions with relative minus signs between equivalent excitations constitute the 1 1 B , within the D 2h classification scheme. As seen in Fig. 2(c) Finally, the density of the two-photon absorptions as well as their intensity profile are very different from the noninteracting model. The weak intensities of the two-photon absorptions at the lowest energies, and much stronger intensities at slightly higher energies are consequences of electron correlations [25, 48] . , we find that the overall density of the two-photon absorptions and the intensity profile is very similar to coronene.
Summarizing this subsection, electron correlations have a profound effect on the energetics of the two-photon states in both the D 6h PAHs and D 2h ovalene in that the ordering of the excited states is substantially different from that expected within the noninteracting Hückel model. This is expected to a large extent, and does not indicate any difference between the two classes of PAH molecules. In the rest of the paper we point out that cor- states in the last two columns have energies that are nearly twice those of the lowest triplets T1 and T2.
one-photon states Table II lists the energies of the lowest optical one-photon states, the lowest two-photon 2 1 A − g state and the lowest two triplet states T 1 and T 2 for decapentaene and the PAH molecules of Figs. 1(a)-(d) . As mentioned in section I, several of the low-lying 1 A g states in polyenes are of two-triplet character. These earlier results [17] are reproduced in Table II − g is the T 1 ⊗T 1 state in ovalene from energetics, indicating very strongly that as per our measures of correlation effects discussed in section I, ovalene is more strongly correlated than the D 6h PAH molecules. There is an apparent contradiction here when one compares the one-and two-photon spectra in Fig. 2 , where the 2 1 A − g occurs below the allowed one-photon state in coronene but slightly above the one-photon state in ovalene. This is resolved when it is realized that the lowest one-photon allowed state in ovalene actually corresponds to the forbidden dark state in coronene, which is located below the 2 1 A − g . The optical one-photon state in coronene at 4.1 eV thus corresponds to the strongest peak in ovalene at ∼ 3.56 eV, and the 2 1 A − g in ovalene is therefore much lower in energy relative to the optical state in ovalene than in coronene. The apparent T 2 ⊗T 2 is again a 1 A − g state with high quantum number, which then indicates that correlation effects are weaker in ovalene than in polyenes. Our conclusions regarding the "degree" of correlation effects in the three classes of systems of interest here is supported by the extensive wavefunction analyses we have performed, which we now discuss.
The MRSDCI many-electron wavefunctions are of the form |Ψ = m β m |m , where |m is an excitation from the HF ground state, and β m are their normalized coefficients. In linear polyenes, the strongly correlated 1 A − g states have stronger contributions from multielectron nenh excitations (n ≥ 2) than from the 1e-1h excitations. This is actually a requirement for the state to be strictly two-triplet, since each triplet excitation is a 1e-1h excitation within the MO picture. It is also taken to be a signature that the corresponding wavefunction in the VB language is of covalent character. Because of the gigantic dimensions of the 1 A − g subspaces in Table I approximation becomes necessary for similar analyses of eigenstates of the PAHs. We define the "cumulative relative weight" ξ a (i) = [40] . Somewhat surprisingly, 1 A − g states identified as T 1 ⊗T 1 in the D 6h PAH molecules from energetics also have larger contributions from 1e-1h excitations than from nenh excitations (see Fig. 3(c)-(d) ). The strong dominance of 1e-1h over ne-nh excitations in the T 1 ⊗T 1 state is a novel aspect of D 6h PAHs. This is in apparent agreement with our previous observation that based on the proximity between the T 1 state and the ionic one-photon optical states, the T 1 state in the D 6h PAHs are of ionic character within the VB language [40] . Thus neither the T 1 nor the T 1 ⊗T 1 states in the D 6h PAHs can be considered as covalent in these molecules. We have mentioned above that in the D 6h PAHs larger than circumcoronene it is likely that the 2 1 A − g state is the T 1 ⊗T 1 . Since the number of covalent VB diagrams increases rapidly with size [23, 24] , it is conceivable that in these cases the 2 Table II ). Discrete points as appear on the curves in the top panel are not shown in the bottom panel, where the configurations do appear almost continuously. The numbers against each curve correspond to the total relative weight for the eigenstate, at i = 200. might acquire covalent character.
In contrast to the D 6h PAHs, the 2 1 A − g wavefunction in ovalene has nearly equal contributions from 1e-1h and ne-nh excitations, as seen in Figs. 3(a)-(b) , where ξ 1e−1h (i = 177) = ξ ne−nh (i = 200) = 0.39. Thus both from energetic considerations (Table II) and from wavefunction analyses, we reach the same conclusion, viz., correlation effects are far stronger in D 2h ovalene than in any of the D 6h molecules in Fig. 1 . Table III [39] on linear polyenes had shown that two-photon states here can be classified as excitations that are predominantly 2e-2h triplet-triplet at the lowest energies, predominantly 1e-1h charge-transfer at intermediate energies and predominantly 2e-2h singlet-singlet at the highest energies. The occurrence of the T 2 ⊗T 2 states at very high energies in the PAHs, along with the mixed character of the 1 A g states below this state show that while electron correlations still split the 2e-2h excited states into triplet-triplet and singlet-singlet, their energetic locations are quite different from those in polyenes.
IV. CONCLUSIONS
In summary, we have performed accurate high order CI calculations of spin-singlet one-and two-photon excited states, and spin-triplet states for a number of 2D PAH molecules that indicate the strong role of electron correlations in these systems. The predicted excited state ordering in all cases is significantly different from the predictions of one-electron theory. In the past, theoretical work on 1D molecules, oligomers and polymers have been accompanied by extensive experimental work [14] [15] [16] [20] [21] [22] . It is hoped that these first results for the PAH molecules will similarly motivate spectroscopist to study their singlet and triplet energy spectra. As pointed out in our earlier work on the D 6h PAH molecules [40] , the relative ordering of one-versus two-photon states at the lowest energies suggests that correlation effects might be important even in the thermodynamic limit of graphene and gives us motivation to pursue theoretical and experimental investigation of even larger graphene fragments [50] .
We defined two different semiquantitative measures of correlation effects here, and from both counts the D 2h molecule ovalene is significantly more strongly correlated than the three D 6h PAH molecules we investigated. It is tempting to ascribe the difference to ovalene being the "most quasi-1D", but the overall one-electron bandwidths of the molecules are quite comparable, ranging from 5.35|t| in coronene to 5.68|t| in circumcoronene, increasing slowly with system size. Indeed, larger correlation effect in ovalene with 32 C-atoms than in circumcoronene with 54 C-atoms is quite unexpected, given the very rapid increase in the number of covalent VB diagrams with size. One obvious difference between the two classes is the degeneracies of the one-electron frontier MOs in the D 6h molecules versus their nondegeneracy in D 2h . The characters of the frontier MOs in ovalene are however very different from that in the polyenes, in that the transitions H → L+1 and H−1 → L, forbidden in the polyenes, are allowed in ovalene. Thus the nondegeneracy in ovalene results from weak symmetry breaking relative to the D 6h PAHs, and does not result in perfect alternation of one-electron levels with opposite symmetries, as occurs in polyenes. Our calculated results here suggest much larger covalent character of the ground state itself in the less symmetric case. There exist a variety of many-body techniques for studying the ground state wavefunctions of large correlated-electron systems. We are currently pursuing such a study, using the path integral renormalization group technique used previously by one of us [51] . 
